Emission spectra of three isotopomers of helium hydride (4HeH, 3HeH, and 3HeD) in the visible spectral region have been acquired using proton-beam irradiation of dense helium gas ( 150 Torr) at 4.2 K in the presence of some solid hydrogen or deuterium. Besides the previously reported D 2l:+ -A 2l:+ transition, near 550 nm, a second transition near 640 nm, identified as the D 2l: + _ B 2n, has been acquired and analyzed. The spectroscopic constants for both transitions have been obtained and compared to the theoretical results based on the latest published potential curves. Further insight into the mechanism for forming HeH will be presented, which indicates that the formation process is sensitive to the hydrogen vapor pressure above the solid.
I. INTRODUCTION
Keen interest in the Rydberg molecule, HeH, has been stimulated by the acquisition of parts of its spectra using three diverse experimental techniques. No spectroscopic information was available prior to the experiment of Moller, Beland, and Zimmerer which used synchrotron excited H2 molecules to react with He in a gas mixture to create HeH which radiatively decayed to its repulsive ground state. 1 Discrete spectra were first observed by Ketterle, Figger, and Walther using neutralization of an HeH + beam in an alkali vapor.2 This technique was also used to observe the continuum emission (B 2n _ X 2l: +) first seen by Moller et al. 3 That the B state radiatively decays while the A state predominantly predissociates was confirmed by van der Zande et al. 4 and Peterson and Bae, S both groups using an HeH + beam, but with the additional ability to observe the dissociation fragments. A careful theoretical examination of the decay rates of the A and B states has not been able to explain why the B state does not predissociate at least as rapidly as it radiates. 6 The third very different method for producing HeH was developed in our laboratory in which He gas in a sample chamber with some solid hydrogen at 4.2 K is irradiated by a proton beam causing both HeH and He 2 emission spectra. [7] [8] [9] Ab initio calculations by Theodorakopolous and coworkers, of the ground and electronically excited states of HeH (as well as NeH and ArH) preceded the first successful experiment and the calculated potential curves were instrumental for the assignment of the observed discrete spectra. 10 Since then, stimulated by the experimental results, improved calculations for both the HeH potential curves 11 and dipole transition moments 12 have been performed. The same authors have also performed calculations for NeH 13 and discrete spectra of that excimer have recently been observed. 14 Discrete spectra of the heavier rare gas hydrides have been investigated for some time. IS Continuum emission from several rare gas hydrides have also recently been reported. 16 This paper will present experimental results for the discrete D 2l: + _ B 2n transition for three isotopomers of HeH (4HeD excluded). This band is particularly difficult to analyze as it is blended with the much stronger d 3 l: u + -b 3ng band of He 2 . 9 The analysis permits the spectroscopic constants for both the D and B levels to be evaluated and in principle allows the energy levels for the A, B, C, and D potential curves to be referenced to the ground state since the B -X transition is the only observed one which connects to the ground state.
Substantially imprOVed signal to noise since our first experiments has allowed us to remeasure the D 2l: + -A 2l: + transitions and the spectroscopic constants so obtained will also be presented. In particular, the 4HeH spectrum at 550 nm is perhaps the most likely candidate among the HeH spectra to be observed from extra-terrestrial sources and that spectrum, which posseses a unique intensity anomaly, will be presented here.
The mechanism for HeH formation in our experiments is not well understood. We have reexamined the evidence for previously concluding that the solid-gas interface needed to be imaged on the monochromator, 7 and have performed several additional experiments to try to elucidate this matter. The role of the extremely low hydrogen vapor pressure at 4.2 K has been carefully investigated.
II. EXPERIMENT
Most of the experimental arrangement has been described previously. 7-9 Briefty, the sample consists of a copper cell (of interior volume -0.8 cm 3 ) with a sapphire window at right angles to the proton accelerator's beam axis. A nickel foil (either 25 or 125 p, thick) separates the cell's interior from the accelerator's vacuum. The sample is cryogenically cooled with a liquid helium transfer-line cryostat, and the temperature may be adjusted to within 0.5 K. The sample consists of the cell half-filled with solid hydrogen (or deuterium) with 150 Torr of helium gas above it. Theinteriorofthe cell is focused with mirrors onto the entrance slit of a McPherson 0.3 m monochromator using a 1200 lines/mm holographic grating. The detector is a cooled EMI 9865B photomultiplier using standard photon counting procedures.
The temperature of the cell was monitored with a calibrated Si diode thermometer (accurate to 0.1 K) placed on the cold finger above the sample cell. The cell is, in fact, cooled from below by an inverting copper bracket and hence, when the beam is on the sample, a temperature error of a few tenths of a degree is possible.
Beam current normalization was employed for all data presented here. Rather than using a preset dwell time for multichannel scaling, a current integrator was employed instead. The time was monitored to indicate whether or not the beam was stable. A proton-beam energy of6.5 MeV after the isolation Ni foil was employed. We tried energies as low as 3.5 MeV without enhancement of the signal-to-noise ratio and concluded that the accelerator was more stable at the higher energy.
The most intense region of the He 2 spectrum in our wavelength range of interest (350-750 nm) occurs near 640 nm and is caused by the d 3 !,: -b 3II g • In the presence of solid hydrogen there appear a few additional lines which, in fact, first alerted us to the fact that something unusual was occuring in our sample. Afterwards the 550 nm band was found 7 and later still the optimum beam energy was employed along with the use of beam current normalization to improve the signal-to-noise ratio. 8 It was some time before a satisfactory method of enhancing the HeH features over those of He 2 in the 640 om band was tried such that sufficient intensity could be obtained for a large enough number of HeH lines to make analysis possible. Figure 1 shows the 640 nm band for 4HeH with and without the presence of solid hydrogen. These two spectra were acquired consecutively but the overall intensity differs by virtue of the presence of hydrogen. Hence a simple subtraction of the spectra is insufficient for enhancing the HeH lines. However, subtraction after scaling the intensity (and background) of one spectrum to the other works quite well. This in fact was accomplished using a linear least-squares algorithm with one data set assuming the role of fitting function. The result is shown in Fig. 2 (a) with no enhancement of any kind. The real lines can readily be distinguished from the noise and aliases. These artifacts are substantially increased whenever the slits are adjusted between spectra.
A second method of data analysis was also employed which was far more tedious and not really better at identifying weak features. This involved fitting all of the lines in the vicinity of a suspected HeH feature with Gaussian peaks (Lorenzians were also tried). This fitting was performed for data sets with and without hydrogen present. The result, shown in Fig. 2 (b) for 3HeH, certainly appears more impressive than Fig. 2 (a) , but the information content is not greater. In fact, this analysis followed the analysis described above which was instrumental in identifying the positions of weak features. The line frequencies are listed in Table I .
The HeH spectra for three isotopomers were analyzed for their molecular constants in the usual manner.17 This data, as well as the new data for the D-A transition described below, is good enough to warrant inclusion of the centrifugal distortion term D, even though this parameter cannot be extracted with certainty. In every instance inclusion of the centrifugal distortion improved the reduced X 2 by at least a factor of 2 (and in one case by 10) and changed the rotational constant by more than one standard deviation. The results, with one sigma uncertainties, are given in Table  II. B. 550 nm 02~+_A 2~+
The 550 nm band has been previously reported by us. 7 Since that first work, an approximately tenfold improve- ment in signal to noise has been achieved by optimizing the proton-beam energy and employing beam-current normalization. The 4HeD isotopomer is different from the other three in that an accidental degeneracy between the D, v = 0 and C, v = 3 energy levels produces a dramatic perturbation of the spectrum. The analysis for that special case has appeared elsewhere. striking. We should emphasize that this intensity anomaly has been observed on many spectra of 4HeH taken under differing experimental conditions and hence is unlikely to be an artifact. Very much the same phenomenon, again for 4HeH, has been observed by Ketterle et al. and attributed to rotationally selective predissociation.
2
The line frequencies for the 550 nm band are listed in Table III . The rotational constants are given in Table IV and the values differ somewhat from our previously reported results 7 because of the inclusion of centrifugal distortion.
C. Discussion
The spectroscopic constants of Table II . The constants in Tables II and IV (14), differs by more than the quoted uncertainty. The theoretical Bo and Do values for the A potential agree to within about 1 % with the experiment. For the B potential, agreement is to within 2% while for the D potential the poorest rotational constant differs by about 5% from the experiment while the poorest centrifugal distortion is off by a factor of 2. That the D potential curve would be the poorest ofthe three might be expected since it is known that a significant admixture of the hydrogen 3d function is responsible for the energy correction mentioned previously. 12 Almost certainly such an admixture would change the shape of the potential thereby affecting the spectroscopic constants. Finally some comments regarding the quoted uncertainties in Tables I and III (Table III) , most of the uncertainty is calibration error while the relative uncertainties of the lines are typically better than 0.7 em -I. For the 640 nm band (Table  I) , the relative uncertainties are no better than the quoted ones since the nearly blende<J He 2 transition afforded ample calibration.
IV. EXCITATION CONDITIONS
Helium hydride emission has been observed most prolifically with helium gas in the upper portion of a cell halffilled with solid hydrogen. We previously argued 7 that because the vapor pressure of hydrogen above the solid was so very low (6X 10-7 Torr) that H/ ions might be formed in the solid close to the surface and "boil off," then reacting with helium gas to form HeH + and thence excited HeH following three-body electron capture. This scenario seemed to be supported by the observation that the gas-solid interface needed to be imaged on the monochromator slit in order for the emission to be observed. 7 We decided to check this latter hypothesis by using a Dove prism to rotate the image of the monochromator slit by 90· so that the slit image would be parallel to the surface of the gas-solid interface. A motorized mirror mount was then employed to slowly scan the image across the cell (alternatively, the mirror moved the interface image across the slit; the two points of view are equivalent).
With the cell half-filled with solid hydrogen, emission data were acquired for several HeH lines, He 2 lines, and atomic helium lines and no differences were discernible. Hence, it seems unlikely that HeH radiation occurs preferentially at the gas-solid interface as originally believed. To crosscheck this conclusion, we again performed our original test of putting only a small quantity of solid hydrogen into the cell and looked for HeH emission. This time we were checking the unambiguous 550 nm band rather than the 640 nm band and emission was clearly visible without the solid being imaged on the slit.
Accepting for the moment that these results appear consistent, a test to determine whether the intensity of the emission from HeH is a function of vapor pressure was performed. Figure 4 shows the results of that test. The relative intensities of 4HeD and 4HeH were measured as a function oftemperature and are plotted in Fig. 4(a) . If the same results are plotted vs the vapor pressure of the deuterium or hydrogen gas above the respective solid,20 the points become coincident [ Fig. 4(b) ]. These results were the first to indicate that experiments using deuterium could maximize spectral intensity if performed at 6 K rather than 4.2 K. Furthermore, at 4.2 K the vapor pressure of deuterium is only 4 X 10 -11 Torr and it is conceivable that some small enhancement of the spectral intensity occurs when the solidgas interface is centered in the observation region, because that would maximize proton-beam heating of the sample. In fact, our earlier erroneous conclusion regarding the solidgas interface was arrived at using deuterium rather than hydrogen while the Dove prism results were obtained using hydrogen. Figure 4 seems to indicate that the optimum ratio of helium to hydrogen is 10 8 : 1 for low temperature conditions. It further indicates that the vapor pressure of hydrogen (or 150 Torr of helium gas, the intensity ofHeH emission should decrease. The most likely explanation is that the steady state solution of the appropriate coupled rate equations are sensitive to the hydrogen concentration. We have convinced ourselves that a small number of simple equations will not satisfy our experimental observations including those in pure helium gas. 9 We are undertaking a sequence of experiments in which the concentrations of as many intermediates as possible will be measured and hope to model at least the steadystate behavior of this interesting system. Similar work has been done in hydrogen-helium mixtures 21 -26 and for pure helium 21 but none of the previous work is directly applicable to this experiment. For example, we are certain that the reaction,
where He! is in the metastable a 3l;: level, cannot be ignored at our pressures but we are unaware of any work that has measured or calculated the relevant cross section. However, the role played by He 2 in other reactions has recently come under some careful study. 28
V. PERTURBATION IN 4HeD
Very little has been written in this paper about the spectrum of the 4HeD isotopomer. The reason is that the D 2l; +, V = 0 level is perturbed by the e 2l; +, V = 3 level as described previously. 8 We called this a rotational perturbation because spectroscopically the rotational lines were shifted and additional lines appeared, but properly it should be referred to as a nonadiabatic perturbation caused by off-diagonal matrix elements of the nuclear kinetic energy operator. 29 The analysis of the spectrum presented in Ref. 8 yielded the value 43.4 ± 0.7 cm-I as the off-diagonal coupling term between the D, v = 0 and the e, v = 3 levels, assuming no rotational dependence. Because the spectrum from the D-+A transition was somewhat complicated and fully analyzed, we did not try to extract the D-+ B spectrum for this isotopomer.
At the time of our analysis of the D-+A spectrum for 4HeD, the electronic component of the off-diagonal matrix elements were not available to us but since have been published. 12 Using the computer code of LeRoy,18 suitably modified by us for the task at hand, we have calculated the value comparable to that measured and have verified that there is very little N dependence as assumed during the experimental analysis. The results varied smoothly from 38.6 cm-I for N = 0 to 37.2 cm-I for N = 5. These compare favorably to the experimental value quoted above and to the recent calculation of Theodorakopoulos for N = 0 of 39.2 cm -1.30 The reader is referred to this latter paper for details regarding the calculation.
VI. CONCLUSION
HeH emission spectra from three isotopomers have been acquired in the spectral regions near 640 and 550 nm. The former band has been identified as the D 2l; + .... B 2n transition and has not been previously reported. The latter is the D 2l;+ .... A 2l;+ transition and the spectroscopic constants for both have been compiled. The only other transition yielding discrete emission spectra for the HeH excimer is the e 2 l; + -+A 2l;+ examined by Ketterle.
•
19 The spectroscopic constants for the A potential obtained in this work agree with the more precise values of Ketterle and the constants for the B, e, and D potentials, the lowest known bound potentials, are now available.
It is still not clear how HeH is formed in our sample cell. However, some direct evidence that the vapor pressure of hydrogen above its solid plays a sensitive role has been presented. This conclusion is counter to what we originally suspected and should be accepted with reservations. For example, that the Dove-prism experiment was unable to distinguish radiation arising preferentially close to the gassolid interface, does not mean that the radiation does not do that. Since emission would occur in all directions, reflections froJIl the cell's copper surfaces and scattering in the solid could well mask such an effect if it occurred. Certainly, Fig.  4 is the most convincing piece of evidence that the vapor pressure is important, but that measurement was one oftemperature and the overlapping curves might be an accident.
There is more to learn about this interesting system and experiments in the vacuum ultraviolet and infrared are presently being conducted.
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